Highly stereoselective, uniformly sized molecularly imprinted polymers (MIPs) for cinchona alkaloids, cinchonine (CN) and cinchonidine (CD), were prepared using methacrylic acid (MAA) as a functional monomer and ethylene glycol dimethacrylate (EDMA) as a cross-linker. The MIPs were evaluated using a mixture of phosphate buffer and acetonitrile as the mobile phase. The CN-and CD-imprinted MAA-co-EDMA polymers can recognize the respective template molecule more than the other diastereomer, and afford an excellent diastereomer separation of CN and CD. In addition, the MIPs gave diastereomer separations of structurally related compounds, quinidine and quinine. The retentive and stereoselective properties of those compounds on the MIPs suggest that electrostatic and hydrophobic interactions can work to recognize these compounds. Furthermore, thermodynamic studies reveal that the entropy-driven effect is significant at mobile-phase pH 5.4, while the enthalpy-driven interactions seem to be dominant at mobile-phase pH 9.6.
Introduction
Molecularly imprinted polymers (MIPs) have abilities to recognize target molecules selectively, and have been used in a variety of molecular recognition-based applications, such as separation media, artificial antibody mimics and sensing devices. [1] [2] [3] Many stereoselective MIPs have been prepared for amino acids, peptides, sugars and drugs, and have been used as separation media. 4 Among those, the MIPs for cinchona alkaloids, cinchonine (CN) and cichonidine (CD), prepared by using a bulk polymerization method have showed excellent stereoselective properties for CN and CD with a separation factor of up to 31. 5 Those MIPs were prepared and evaluated in organic media. However, for the mimesis of biological systems it is important to develop MIPs which can recognize target molecules in aqueous systems. Recently, the MIPs prepared in organic media were subsequently used in aqueous environments. 6 With molecular imprinting techniques, nonaqueous bulk polymerization techniques 7 are usually employed to obtain MIPs. However, to produce HPLC packing materials, the obtained block polymers need to be crushed, ground and sieved. MIPs are also unsuitable for HPLC packing materials because of their random shape and size distribution. To overcome this problem, uniformly sized MIPs have recently been prepared using a multi-step swelling and polymerization method. 8 This method is advantageous because it allows for the facile preparation of uniformly sized and monodispersed particles and in situ modification; it is also suitable for preparing HPLC packing materials. 9 Recently, we prepared uniformly sized MIPs for (S)-naproxen, 10 -ibuprofen, 11 -propranolol 12 and -chlorpheniramine 13 using a multi-step swelling and polymerization method, and evaluated the chiral recognition ability in a hydro-organic mobile phase. This paper deals with the preparation of uniformly sized MIPs for CN and CD, and an evaluation of their chromatographic and thermodynamic characteristics using a mixture of phosphate buffer and acetonitrile as the mobile phase. Based on the obtained results, the retentive and stereoselective mechanisms of CN and CD are discussed. Furthermore, the results of thermodynamic studies provide insight into the dominant mechanism governing recognition events.
Materials and Methods

Reagents and materials
EDMA was purchased from Tokyo Chemical Industry (Tokyo, Japan). MAA was purchased from Wako Pure Chemical Industry (Osaka, Japan). These monomers were purified by general distillation techniques in vacuo to remove the polymerization inhibitor. 2,2′-Azobis(2,4dimethylvaleronitrile) was purchased from Wako Pure Chemical Industry (Tokyo, Japan). CN, CD, quinidine (QD) and quinine (QN), whose structures are illustrated in Fig. 1 , were purchased from Wako Pure Chemical Industry (Tokyo, Japan). Other reagents and solvents were used without further purification.
Water purified with a Nanopure II unit (Barnstead, Boston, MA, USA) was used to prepare mobile phases and sample solutions.
Multi-step swelling and polymerization method
The preparation of uniformly sized, macroporous MIPs for CN and CD as well as a non-imprinted polymer by a multi-step swelling and polymerization method was carried out as reported previously. 14, 15 The molar amounts of CN or CD, MAA and EDMA used for the preparation of MIPs were 1 mmol, 6 mmol and 25 mmol, respectively. The prepared polymers were packed into a stainless-steel column (4.6 mm i.d. × 30 mm) by a slurry packing technique using methanol as the slurry and packing solvents to evaluate their chromatographic characteristics.
Chromatography
The HPLC system used was composed of an LC-10ADvp pump, an SPD-10Avp spectrophotometer (both from Shimadzu, Kyoto, Japan), a Rheodyne 7125 injector with a 20-µl loop (Rheodyne, Cotani, CA, USA), and a C-R6A integrator (Shimadzu, Kyoto, Japan). The flow rate was maintained at 1.0 mL/min. Detection was performed at 210 nm. The retention factor (k) was calculated using the equation k = (tR -t0)/t0, where tR and t0 are the retention times of the retained and unretained solutes, respectively. The retention time of the unretained solute (t0) was measured by injecting acetone or tyrosine. The diastereomer separation factor (α) was calculated using the equation α = k2/k1, where k1 and k2 are the retention factors of the first and second eluted solutes, respectively. Resolution (Rs) was calculated using the equation Rs = 2(t2 -t1)/(w1 + w2), where t1 and t2 are the retention times of the first and second eluted solutes, respectively, and w1 and w2 are the baseline peak widths of the first and second eluted solutes, respectively. Separations were carried out at 25, 30, 40, 50, 60 or 70˚C using a column oven (CTO-10Avp, Shimadzu, Kyoto, Japan). The mobile phases were prepared using phosphoric acid, sodium dihydrogenphosphate and acetonitrile. The mobile phases used are specified in the legends of the tables and figures. Figures 2A, B and C show the effects of mobile-phase pH on the retention properties of CN and CD on the MIPs for CN and CD, and non-imprinted polymers, respectively. The mobile phase used was a mixture of 50 mM phosphoric acid and/or sodium phosphate, and acetonitrile. The maximum retentions of CN and CD on the respective MIPs and non-imprinted polymers were attained at mobile-phase pH 7.8. By taking into account the pK values of CN and CD (pK1 = 5.9, pK2 = 9.9 for CN and pK1 = 5.8, pK2 = 10.0 for CD) 16 and the average pK value of cross-linked MAA-co-EDMA polymers (ca. 9), 17 the retention properties of these basic compounds on the polymers could be easily elucidated. With an increase in the mobile-phase pH, CN and CD were more retained due to ionic interactions of their amino groups with negatively charged MAA-co-EDMA polymers. The maximum retentions of CN and CD were observed at around their pK2 values, and then drastic decreases in the retentions were observed with a further increase in the mobile-phase pH, because of deprotonation of the amino groups. Furthermore, CN and CD were retained more by the molecular imprinting effect on the respective MIPs than the non-imprinted polymers. The obtained results agreed well with those reported by Sellergren and Shea. 17 With an increase in the acetonitrile content, the retention factors of CN and CD decreased (data not shown). These results reveal that in addition to electrostatic interactions, hydrophobic interactions should work for the retention and diastereomer separation of CN and CD on the MIPs. Figures 3A, B and C show the effects of mobile-phase pH on the retention properties of QD and QN on the MIPs for CN and CD, and non-imprinted polymers, respectively. The retention properties of QD on the MIP for CN were very similar to those of CN, except that QD was retained less than CN. In addition, the retention properties of QN on the MIP for CD were very similar to those of CD. These are because for QD and pK1 = 5.1, pK2 = 9.7 for QN), 16 are identical to those of CN and CD, respectively, except for the presence of a methoxy group on the quinoline ring; i.e., the MIP for the target molecule can recognize structurally related compounds moderately. Table 1 shows the effects of mobile-phase pH on the retention factors, diastereomer separation factors and resolution of CN and CD on MIPs for CN and CD, and non-imprinted polymers. Diastereomer separations of CN and CD were attained with the mobile-phase pH range of 4.1 -10.4 on the MIPs for CN and CD. The MIP for CN gave the highest diastereomer separation factor of 9.57 at pH 5.4 and the highest resolution of 2.25 at pH 6.9, while that for CD gave the highest diastereomer separation factor and resolution at pH 5.9 and 6.9, respectively. On the other hand, non-imprinted polymers gave a slight diastereomer separation only at mobile-phase pH 9.6. By a molecular imprinting effect, CN and CD were completely separated on the MIPs for CN and CD. Figures 4A and B show chromatograms of CN and CD on the MIPs for CN and CD, respectively, where the MIP column used was 30 mm in length and 4.6 mm in inner diameter. Matsui et al. 5 used a 150 mm column (4.6 mm in inner diameter) packed with the MIP for CD, which was prepared using a bulk polymerization method, and attained an excellent stereoselective separation of CN and CD with a separation factor of 31. Though our MIPs showed a lower diastereomer separation factor than those prepared by Matsui et al., 5 almost the same resolution was obtained between two MIPs, despite differences in the column length. This could be because our MIPs gave a higher column efficiency than those prepared by Matsui et al. 5 Similarly, the diastereomer separation of QD and QN was attained on the MIPs for CN and CD. Of course, the diastereomer separation factor of QD and QN was lower than that of CN and CD, as shown in Table 2 . Figures 5A and B show chromatograms of QD and QN on the MIPs for CN and CD, respectively, where the MIP column used was 30 mm in length and 4.6 mm in inner diameter. There was complete separation of QD and QN on both MIPs. Figures 6A and B show van't Hoff plots of CN and CD on the MIP for CD, where the mobile phases used were 50 mM sodium phosphate buffer containing 50% acetonitrile (pH 5.4 and 9.6, respectively). It is interesting that the retention factors and diastereomer separation factors of CN and CD increased with an increase in the column temperature at mobile-phase pH 5.4, while they decreased with an increase in the column temperature at mobile-phase pH 9.6. The relationship between the retention and the temperature could be described according to the van't Hoff equation;
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where ∆H˚ and ∆S˚, respectively, are the differences in the enthalpy and entropy of the solute in the two phases, R is the ideal gas constant, and φ is the solute phase ratio. The van't Hoff equation can be rewritten to describe the diastereomer separation process;
The calculated parameters are listed in Table 3 . Thus, the diastereomer separation process is entropy-driven at mobilephase pH 5.4, while the enthalpy-driven interactions seem to be 41 ANALYTICAL SCIENCES JANUARY 2003, VOL. 19 
Conclusions
Highly stereoselective, uniformly sized MIPs for cinchona alkaloids, CN and CD, were prepared using MAA as the functional monomer and EDMA as the cross-linker, and were evaluated using a mixture of phosphate buffer and acetonitrile as the mobile phase. We have not yet optimized the preparation method of the MIP. However, similar diastereomer separation of CN and CD on our MIPs to that on the MIP prepared by a bulk polymerization method was attained, despite the use of one-fifth length column. The retentive and stereoselective properties suggest that in addition to electrostatic interactions, hydrophobic interactions should work for the retention and diastereomer separation of CN and CD on the MIPs. Furthermore, thermodynamic studies reveal that the entropydriven effect is significant at mobile-phase pH 5.4, while the enthalpy-driven interactions seem to be dominant at mobile-phase pH 9.6. The MIPs for biologically active compounds, whose recognition abilities are comparable to those of biopolymers, could be prepared based on a thorough understanding of their molecular recognition mechanism. Further studies are on-going in our laboratories.
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ANALYTICAL SCIENCES JANUARY 2003, VOL. 19 Fig. 5 Chromatograms of QD and QN on the MIPs for CN (A) and CD (B). HPLC conditions as in Fig. 4 , except that the loaded amount is 250 ng. 
